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Abstract
■ The dorsal attention network (DAN) is known to be involved
in shifts of spatial attention or in orienting. However, the involve-
ment of each hemisphere in shifts to either hemifield is still a
matter of debate. In this study, interindividual hemifield-specific
attentional benefits in RTs were correlated with cue-related
BOLD responses specific to directive cues in the left and right
frontal and posterior nodes of the DAN, measured in a Spatial
Orienting Paradigm. The pattern of correlations was analyzed
with respect to its fit with three existing hypotheses of spatial
attention control: the contralateral, right dominance, and hy-
brid hypotheses. Results showed that activation in frontal and
parietal nodes of the DAN could explain a significant proportion
of the interindividual variance in attentional benefits. Although
we found that benefits in the right hemifield correlated with
cue-related activity in the left, as well as the right, DAN and that
the pattern of correlations fit best with the right dominance hy-
pothesis, there were no significant correlations between left
benefits and activation in the right (as well as left) DAN, which
precludes the conclusion that our data support the right dom-
inance hypothesis and might instead point toward a potential
qualitative difference between leftward and rightward shifts of
attention. In conclusion, this study demonstrates that behav-
ioral effects of orienting can be linked to activation changes in
the DAN, and it raises new questions with respect to the involve-
ment of the frontal and parietal nodes in each hemisphere in
hemifield-specific orienting. ■
INTRODUCTION
As we navigate the world, our visual system is confronted
with a seemingly endless stream of inputs that compete
for our limited processing capacities. “Spatial attention,”
the ability to scan the environment and select behaviorally
relevant stimuli at specific spatial locations for enhanced
processing, is considered one of the most fundamental
mechanisms enabling us to interact with our environment
in a goal-directed manner (James, 1890).
First evidence for the neural underpinnings of spatial
attention could be gathered from studying patients experi-
encing hemispatial neglect as a consequence of brain dam-
age. These patients fail to respond to stimuli presented in
the hemifield contralateral to the brain lesion, and it appears
that this particular behavior stems from an attentional deficit
(Posner, Walker, Friedrich, & Rafal, 1987; Mesulam, 1981).
This suggests that each hemisphere is involved in shifts of
attention to the contralateral hemifield (Kinsbourne, 1970).
However, this simple notion cannot explain the finding that
hemispatial neglect tends to be more common and more
severe if the right hemisphere is affected as opposed to
the left hemisphere (e.g., Suchan, Rorden, & Karnath,
2012). Different explanations for these hemispheric
asymmetries in neglect pathology have been offered,
one prominent one proposing that, whereas the left
hemisphere exclusively mediates attention shifts to the
right hemifield, the right hemisphere can mediate atten-
tion shifts to both hemifields and can thus compensate for
damage in the left hemisphere (Mesulam, 1981; Heilman
& Van den Abell, 1980; Heilman & Valenstein, 1979; but
see also Kinsbourne, 1970, for a competing explanation,
and Bartolomeo & Chokron, 1999, for a direct compari-
son of theories).
Although this and other contemporary theories of atten-
tion often spoke of the entire hemisphere as the entity in-
volved in attention shifts, or focused on the parietal lobe
as the locus of attention, neurophysiological studies in an-
imals and neuroimaging studies in humans conducted
over the past decades have allowed us to identify a num-
ber of specific cortical and subcortical regions supporting
the orienting of attention (Kastner & Ungerleider, 2000;
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Desimone & Duncan, 1995). Among these regions, a
frontoparietal network comprising parts of the intra-
parietal sulcus (IPS) extending into the superior parietal
lobe (SPL) and the frontal eye fields (FEFs) has been as-
cribed a prominent role in the voluntary orienting and
maintenance of attention. This network has been labeled
the dorsal attention network (DAN; Corbetta & Shulman,
2002).
Substantial research has been conducted to determine
the exact role that the DAN plays in attention processes
in particular and cognition in general (see Lückmann,
Jacobs, & Sack, 2014, for a review). Many of the tasks
used involve some form of spatially informative cue
predicting the location of an upcoming target, thereby
prompting participants to orient their attention to the
cued location (Chica, Martín-Arévalo, Botta, & Lupiáñez,
2014; Posner, 1980). Conventional fMRI group analyses
suggest that spatial cues to the left and to the right acti-
vate the bilateral DAN, but hemispheric preferences for
cues pointing to the contralateral hemifield have also
been detected (Shulman et al., 2009, 2010; Sylvester,
Shulman, Jack, & Corbetta, 2007), which is in line with
the assumption that each hemisphere primarily coordi-
nates shifts of attention to the contralateral hemifield.
With respect to hemispheric asymmetries, Shulman
et al. (2010) could not find stronger cue-related activation
for ipsilateral cues in the right-hemispheric DAN com-
pared with the left, as would be expected in case the
right hemisphere indeed mediates attention shifts to
the left, as well as to the right, visual hemifield. The
authors took this as evidence that right-hemispheric dom-
inance occurs in brain regions outside the DAN and that
the relationship between DAN activation and attention
shifts to the left and right hemifields is predominantly
contralateral (see also Corbetta & Shulman, 2011).
Yet, a different pattern may emerge when correlating
cue-related DAN activation and behavioral effects in the
context of spatial orienting. These correlations make use
of the information that is contained in the variability of
the neural and behavioral responses (between trials or
between individuals) and may thus be more sensitive
when it comes to disentangling the involvement of a
particular region in a task. So far, only few studies have
attempted to link brain activation outside the visual cor-
tex during spatial attention tasks to behavioral effects of
spatial orienting (Sylvester et al., 2007; Sapir, D’Avossa,
McAvoy, Shulman, & Corbetta, 2005; Small et al., 2003).
Sapir and colleagues found a difference in cue-related
activation in posterior DAN regions between correct
and incorrect trials that depended on cue validity (Sapir
et al., 2005), whereas Sylvester et al. (2007) found that,
although the difference in activation between the two
hemispheres could predict accuracies in a hemifield-
specific manner, suggesting contralateral preferences, this
applied to regions in the visual cortex only. Similarly, Small
et al. (2003) reported differences in activation mostly out-
side the DAN between trials with strong behavioral effects
of orienting and those without. These fMRI studies of
spatial orienting have not been able to reveal behaviorally
relevant patterns of activation in the DAN that can account
for the asymmetries observed in neglect pathology, and
they often failed to find neural correlates of behavioral
effects of attention in the DAN altogether.
However, these studies might have failed to find corre-
lates in the DAN because their design did not properly
allow for the isolation of attentional effects, especially
with respect to behavioral measures (Sylvester et al.,
2007; Sapir et al., 2005), or because they did not separate
cue-related activation from that related to target pro-
cessing (Small et al., 2003). More importantly, only
one of these studies tested directly for differences
between the two hemispheres in a hemifield-specific
manner (Sylvester et al., 2007), but the study design
did not allow for the detection of a potential right-
hemispheric dominance.
In this study, we aimed to assess whether we could un-
cover a role of the DAN in attentional processes by using
a design that was tailored to the detection of interindi-
vidual differences in orienting-specific effects on behav-
ior and brain activation in the DAN. More specifically,
we measured attentional benefits, the average differ-
ence in RTs in response to targets preceded by a valid
spatial cue compared with targets preceded by a spatially
uninformative neutral cue, and we correlated these atten-
tional benefits with an estimate of the average cue-
related BOLD response specific to spatially informative
cues as opposed to neutral cues in the DAN. The sub-
traction of the neutral condition in both measures
allowed us to isolate brain activation and behavioral
effects specific to spatial attention shifts. Furthermore,
the estimate of DAN activation was obtained from catch
trials without a target, thus ensuring that the recorded
BOLD response was anticipatory in nature and not in-
fluenced by target processing. Correlations were calcu-
lated across individuals in a sample of 28 participants. To
be sensitive toward potential cue-specific differences
between the regions of the DAN (particularly between
the left and right hemispheres), correlations were cal-
culated separately for left and right cues and for left and
right FEF and IPS/SPL, localized for each participant
individually.
In a second step, we wanted to test explicitly whether
the observed pattern of correlations across the four
nodes of the DAN fits with any of three hypotheses de-
rived from existing models of attention control: The first
hypothesis predicts that each region of the DAN is in-
volved in shifts of attention to the contralateral hemifield
only (contralateral hypothesis; Corbetta & Shulman,
2011; Shulman et al., 2010; Kinsbourne, 1970), the sec-
ond predicts that activation in the right-hemispheric
DAN additionally correlates with benefits in the right
hemifield (right dominance; Mesulam, 1981; Heilman &
Van den Abell, 1980; Heilman & Valenstein, 1979), and
the third dissociates between frontal and parietal regions
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of the DAN and predicts right-hemispheric dominance in
FEF only and a purely contralateral relationship between
brain activation and behavior in IPS/SPL, in line with a re-
cent review of findings from brain stimulation studies
(hybrid; Duecker & Sack, 2015).
METHODS
Sample
Thirty-three participants (19 women) aged 18–37 years
were included in the study. One participant was left-
handed, the rest were right-handed, and all participants
had normal or corrected-to-normal vision and were fluent
in the English language. Procedures were approved by the
institutional review board of the Faculty of Psychology and
Neuroscience of Maastricht University. Written informed
consent was obtained from all participants as part of the
magnetic resonance screening procedure. Participants re-
ceived course credit or A10 per hour as compensation.
Two participants stopped their participation prematurely
because of discomfort inside the MRI scanner, two par-
ticipants were excluded from the analyses because they
performed the spatial attention task with low accuracy
compared with the rest of the sample, and one participant
was excluded because of excessive motion during MRI
data acquisition. The final sample included in the anal-
yses comprised 28 participants (15 women; age: M =
25.57, SD = 4.41).
Tasks and Stimulus Presentation
During MRI acquisition, the visual display was projected
onto a screen inside the scanner bore with a resolution
of 1920 × 1200 pixels and a diagonal of 18.5 in. (47 cm).
Participants could see this display through a mirror
attached to the head coil. The distance between the
screen and the mirror (∼60 cm) and the distance between
the mirror and the eyes of the participants (∼15 cm)
amounted to approximately 75 cm.
DAN Localizer
To account for the substantial individual variability in
anatomy and functional organization in the association
cortex, we chose to localize participant-specific ROIs in
the DAN based on functionally defined brain maps. To
this end, we used a localizer for regions involved in overt
shifts of attention. Neuroimaging studies suggest that
clusters of activation for overt and covert shifts of atten-
tion are largely overlapping (de Haan, Morgan, & Rorden,
2008; Nobre, Gitelman, Dias, & Mesulam, 2000), and
brain stimulation studies using a similar localizer for the
stimulation sites have reported effects on spatial atten-
tion (Duecker, Formisano, & Sack, 2013). Participants
were instructed to make eye movements to follow a
moving dot presented to them on the screen inside the
scanner. The dot, a filled white circle with a diameter of
0.5° of visual angle, was presented on a black background
and could appear at one of nine possible locations along
the vertical and horizontal meridians: central or 5° or 8° of
visual angle left/right or up/down from the center. The
BOLD response related to eye movements was assessed in
a blocked design, with alternating 20-sec blocks of fixation,
during which the dot stayed at the central location, and
13-sec blocks of eye movement, during which the dot was
displayed at the peripheral locations, changing location
every 600 msec in a random order (22 location changes).
Eleven fixation blocks and 10 eye movement blocks were
presented. The routine was controlled with the Presen-
tation software package (Neurobehavioral Systems).
Spatial Orienting Paradigm
Spatial orienting performance and DAN activation during
shifts of spatial attention were assessed in a covert endog-
enous (i.e., goal-driven) variant of the Spatial Orienting
Paradigm with a discrimination task (Chica et al., 2014;
Posner, 1980). In this paradigm, central symbolic spatial
cues inform participants about the likely location of an up-
coming target, to which participants have to respond
while keeping their eyes on a central fixation point. It
has been shown that participants use the spatial informa-
tion provided by the cue to direct their attention to the
cued location and respond faster on average if the target
appears in the cued location (valid trials) and slower if the
target appears in the uncued location (invalid trials)
compared with trials in which the cue conveys no spatial
information (neutral trials; Posner, 1980). Attentional
benefits, the difference in average RTs between valid
and neutral trials, can be used to quantify a participant’s
spatial orienting response, which is thought to depend
upon DAN functionality.
In the present variant of the task, targets were Gabor
patches (spatial frequency = 1.5 cycles per degree, enve-
lope SD = 0.66°, Michelson contrast = 50%, random
phase) presented left or right of the center of a mean
gray screen (marked by a black-and-white bull’s-eye) at
an eccentricity of 7° of visual angle. Target orientation
was either 45° or 135° (with a random jitter of up to 5°
in each direction), and participants had to indicate target
orientation by pressing one of two adjacent response
buttons using the index and middle fingers of their right
hand. Pairs of arrows presented both left and right of
fixation in close proximity to the bull’s-eye (1.5°) were
used as spatial cues. Cues could be neutral (arrows on
both sides pointing to the periphery and thus to opposite
hemifields) or directive (arrows on both sides pointing to
the same hemifield). Participants were told that targets
were equally likely to appear in either hemifield after a
neutral cue and were more likely to appear in the cued
hemifield after a directive cue. The inclusion of neutral
trials allowed us not only to calculate attentional benefits
but also to contrast BOLD responses for directive and
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neutral cues to single out neural mechanisms that are
specific to spatial orienting as opposed to more general
cue-related responses due to, for example, visual input or
temporal information.
Cues were presented for 100 msec, followed by a var-
iable interval of 2.1, 3.2, or 4.3 sec, after which the target
was displayed for 100 msec. Then, 900 msec after target
offset, the outer circle of the fixation bull’s-eye turned
gray, which marked the onset of a variable intertrial in-
terval of 10, 12.2, or 14.4 sec. Participants’ responses to
targets were recorded until 2000 msec after target onset
(i.e., 1000 msec into the intertrial interval), but partici-
pants were instructed to respond as fast as possible with-
out making mistakes.
Importantly, the task also included catch trials, during
which no target was presented. Trial timings were the
same as for the trials with a target except that no target
was presented in the 100 msec after the delay interval,
thus allowing for the measurement of a cue-related
BOLD response that is not biased by target-related activa-
tion (see Figure 1 for a schematic of the sequence of
events per trial type). Participants performed 252 trials,
divided into six runs of 42 trials each. One hundred
forty-four of the trials included a directive cue followed
by a target. On 75% of these trials, the cue correctly pre-
dicted the location of the target (108 valid trials and 36
invalid trials). Although we were interested in attentional
benefits only, invalid trials were included to decrease par-
ticipants’ tendencies to make eye movements toward the
cued hemifield. The remaining trials were equally com-
posed of neutral trials with a target, neutral catch trials,
and directive catch trials (36 trials each, 18 per cued hemi-
field). The ratio of trial types within a run corresponded to
the overall ratio across all trials (3:1:1:1:1), and target
location and cue target intervals were balanced within
each trial type within a run. The order of trials within a
run was randomized, and the task was controlled with
PsychoPy (v1.80.04; Peirce, 2008).
MRI Acquisition and Preprocessing
Imaging data were acquired on a Magnetom Prisma 3-T
MRI scanner with a 32-channel head coil (Siemens). A
high-resolution anatomical image was obtained using a sag-
ittal MPRAGE sequence (repetition time [TR] = 2250msec,
echo time = 2.21 msec, flip angle = 9°, voxel size = 1 mm
isotropic, field of view = 256 mm, 192 slices). The BOLD
response was measured with an axial oblique gradient-
echo EPI sequence with a multiband acceleration factor of
2 (TR= 1100msec, echo time= 30 msec, flip angle = 64°,
voxel size = 3 mm isotropic, field of view = 216 mm,
34 slices, interleaved slice acquisition). The slice box
was adjusted to cover most of the cerebrum with the
exception of orbitofrontal regions for some participants.
Data were preprocessed using BrainVoyager QX for
Windows, Version 2.8.4 (Brain Innovation B.V.; Goebel,
2012). Preprocessing included slice scan time correction,
intrarun and interrun volume alignment to the first vol-
ume after the MPRAGE to correct for head motion, and
high-pass temporal filtering using a general linear model
(GLM) approach (two cycles) including linear trend re-
moval. Functional data of each participant were coregis-
tered to the anatomical image using a nine-parameter
fine alignment approach and were subsequently trans-
formed to Talairach space.
Figure 1. Spatial Orienting Paradigm: trial types. Examples display only a selection of possible trials and are not to scale (please refer to
the text for actual dimensions and locations). All possible combinations of cued hemifield (left, right, both) and target hemifield (left, right) per
condition were presented to participants. ITI = intertrial interval.
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Experimental Procedure
At least 2 days before the actual MRI session, all partici-
pants were invited for a short training to familiarize them
with the Spatial Orienting Paradigm. The training session
served to confirm that participants understood the task
and were able to refrain from moving their eyes away
from fixation during task performance (assessed by the
experimenter based on observation).
At the beginning of the scanning session, an 8-min resting
state scan (436 volumes) was obtained. Participants were
asked to keep their eyes open and to fixate on a black-
and-white bull’s-eye presented at the center of a mean gray
screen throughout this scan. These data were collected for a
different research purpose and not further analyzed in the
context of this study. Afterward, the DAN localizer was run
during a 6-min functional scan (317 volumes). Subsequently,
orienting performance and brain activation were mea-
sured in six functional task runs of approximately 12 min
(661 volumes), with a break after three runs to acquire
the high-resolution anatomical image (5 min).
Behavioral Data Analysis
Data cleaning and aggregation were completed with
MATLAB (MATLAB Release 2013a, The MathWorks, Inc.).
Before averaging RTs per condition and participant, data
from incorrect trials and outliers (RTs more than 1.5 times
the interquartile range above the 75th or below the 25th
percentile for that condition and individual) were removed.
Two participants performed the task with low accuracy com-
pared with the rest of the sample and were excluded from
further analyses. For the remaining participants, average RTs
of all conditions were based on at least 11 trials and the
average accuracy was 95.1%. RT data were entered in a
2 × 3 repeated-measures ANOVA with factors Target
hemifield (left, right) and Cue (valid, neutral, invalid) to
confirm that cue validity had an effect on RTs and to
assess whether this effect depended on target hemifield.
We tested for violations of the assumption of sphericity
(Mauchly, 1940) and adjusted the degrees of freedom ac-
cordingly (Greenhouse & Geisser, 1959). To confirm that
cues affected RTs in the expected direction, paired t tests
were conducted to compare average RTs between valid
and neutral trials (attentional benefits) and invalid and neu-
tral trials (attentional costs). Partial η2 (ηp
2) was obtained as
an estimate of effect size for F tests (Cohen, 1973), and
Cohen’s dz was calculated as an estimate of effect size for
paired t tests (Cohen, 1988, p. 48). The ANOVA was run
using the Statistical Package for the Social Sciences (SPSS;
IBM SPSS Statistics for Windows, Version 21; IBM Corp.).
fMRI Data Analysis
Selection of ROIs Based on DAN Localizer
ROIs in the left and right FEFs and IPS/SPL were defined
for each participant individually, based on the DAN
localizer. In a first step, we obtained single-subject statisti-
cal (t value) maps contrasting brain activation during eye
movement to that during fixation, using BrainVoyager
to run a simple GLM with a single boxcar predictor of
eye movement periods, convolved with a standard
two-gamma hemodynamic response function. These
maps were overlaid onto the individual structural volume
to identify the most prominent cluster of 10 functional
active voxels in each hemisphere in the vicinity of the
intersection of the superior frontal sulcus and the pre-
central sulcus that marks the FEF (Petit & Haxby,
1999).
To localize the IPS/SPL nodes of the DAN for each par-
ticipant, we looked not only at activation related to eye
movement, which is fairly widespread in IPS/SPL, but also
at the functional connectivity with FEF during eye move-
ment, to restrict the ROIs to those regions that appear to
form a functionally connected network. To do so, the
average time series of the fMRI signal during the DAN
localizer was extracted and z-transformed for each
selected FEF ROI (using NeuroElf for MATLAB, www.
neuroelf.net) and was then entered as a predictor in a
GLM with the task predictor for active eye movement
blocks entered as an additional confound. The resulting
two statistical maps obtained per participant, which re-
spectively reflected the functional connectivity with the
left and right FEFs, were averaged and finally masked with
a binary mask of voxels that were active during eye move-
ment compared with baseline, thresholded at q = .05
controlling the false discovery rate (FDR; Benjamini &
Hochberg, 1995). We then manually selected 10 continu-
ous functional voxels displaying high average connec-
tivity with FEF in the vicinity of the seed coordinate for
the right IPS/SPL (27, −58, 49) used by Fox, Corbetta,
Snyder, Vincent, and Raichle (2006), which was based
on their meta-analysis of five fMRI studies of spatial
orienting, and defined those as the right IPS/SPL ROI
on the individual level. For left IPS/SPL, we selected
the cluster of 10 voxels with high average connectivity
with FEF that most closely mirrored the right IPS/SPL
ROI. For one participant, the task-based mask turned out
to be too restrictive and the threshold was adjusted to a
level of p = .05, uncorrected.
Figure 2 shows the location and overlap of ROIs across
participants on the mean structural MRI of the group, and
Table 1 provides coordinates of a central voxel shared by
the highest number of participants for each ROI. We also
provide information on the cytoarchitectonic region that
each peak voxel falls within most probably according to
the Jülich cytoarchitectonic atlas (Eickhoff et al., 2007).
To determine this, we transformed the peak coordinates
to Montreal Neurological Institute space using an online
tool (sprout022.sprout.yale.edu/mni2tal/mni2tal.html;
Lacadie, Fulbright, Constable, & Papademetris, 2008)
and then used the FMRIB Software Library (v5.0) to query
the atlas information ( Jenkinson, Beckmann, Behrens,
Woolrich, & Smith, 2012).
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GLM Analysis and Cue-related BOLD Response
To model the BOLD response during the Spatial
Orienting Paradigm, we created separate boxcar predic-
tors for neutral cues and left and right cues with and
without a target (six cue predictors) and for valid, invalid,
and neutral targets (three target predictors). Cue predic-
tors were modeled from cue onset to target onset for tri-
als with a target and extended by another TR for catch
trials. Target predictors were modeled for one TR from
target onset onward. Target trials for which participants
gave no response (omission errors) were modeled sepa-
rately with a separate predictor for cue and target and
included as confounds, because it is unclear why partici-
pants failed to respond to these trials (drowsiness, eye
blinks, etc.). Target trials with incorrect responses (i.e.,
misidentifying the target orientation) were not treated
differently. All predictors were convolved with a two-
gamma hemodynamic response function and were in-
cluded in a random effects GLM to obtain individual beta
maps for each predictor per participant. In doing so,
voxel-wise data were normalized to reflect the percent
signal change from the mean signal across time, and data
were prewhitened assuming a second-order autoregres-
sive process to correct for serial correlation.
For each ROI, individual betas for the contrasts be-
tween catch trials with a leftward cue and those with a
neutral cue and between catch trials with a rightward
cue and those with a neutral cue were extracted using
NeuroElf, resulting in eight betas (two per ROI). To test
whether ROIs generally responded specifically to the
directive cues, one-sided one-sample t tests of the obtained
betas per ROI and contrast were computed (in SPSS).
Furthermore, the betas were entered in a 2 × 2 × 2
within-subject ANOVA with factors Cue (left, right), ROI
(FEF, IPS/SPL), and Hemisphere (left, right).
Correlation Analyses
Individual hemifield-specific attentional benefits were
calculated by computing the difference in average RTs
between the neutral cue condition and the valid cue con-
dition (in milliseconds) for targets presented in the left
and right hemifields. Individual benefits in the left (right)
hemifield were then correlated with the abovementioned
betas for the contrast of brain activation for catch trials
with left (right) cues with catch trials with neutral cues
from each of the four ROIs, resulting in eight correlations
reflecting the degree to which individual cue-related ac-
tivation (for left and right cues) in the FEF and IPS/SPL
nodes of the DAN can explain interindividual variance
of attentional benefits in the two hemifields. In keeping
with existing hypotheses of contralateral preference, we
expected high positive correlations between brain activa-
tion and contralateral benefits in all regions. With respect
to right-hemispheric dominance, we also expected a high
correlation between right benefits and brain activation in
the right FEF. These correlations were thus tested one-
sided. In keeping with all existing hypotheses of attention
control, we expected no correlations between activation in
the left FEF and IPS/SPL and benefits in the left hemifield
and ran two-sided tests for these correlations as well as the
correlation between activation in the right IPS/SPL and
benefits in the right hemifield, as findings from brain stim-
ulation studies suggest that the right IPS/SPL does not play
a role for attention shifts to the right hemifield (Duecker &
Sack, 2015). All resulting p values were FDR-corrected.
Permutation Tests of Hypotheses
Next to the effect size and significance level of the indi-
vidual correlations, we were also interested in the specific
pattern of correlations and the extent to which the pat-
tern fitted predictions made by existing hypotheses of
Table 1. Peak Voxel Locations and Cytoarchitectonic Labels
of ROIs
ROI TAL Coordinates Cytoarchitectonic Region
Left FEF −24, −7, 43 Premotor cortex (BA 6 L)
Right FEF 24, −10, 49 Premotor cortex (BA 6 R)
Left IPS/SPL −27, −61, 55 SPL (7A L)
Right IPS/SPL 21, −58, 49 SPL (7A R)
Voxel coordinates refer to a voxel shared by the highest number of par-
ticipants in each ROI; cytoarchitectonic regions are regions the voxel
most probably falls within according to the Jülich cytoarchitectonic atlas
(Eickhoff et al., 2007). BA = Brodmann’s area; TAL = Talairach.
Figure 2. Distribution and
overlap of ROIs across
participants. Colors represent the
number of participants sharing
the voxel in the respective ROI.
ROIs are projected on the mean
structural MRI of the group.
Coordinates at the slice
intersection mark a peak voxel
in the ROI for right IPS/SPL.
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attention control. To investigate this issue, we split the
eight correlations into two groups of expected high and
expected low correlations in accordance with each of the
three alternative hypotheses (see Table 3 for groupings
per hypothesis). We then transformed each correlation
with Fisher’s r-to-z transformation and calculated the
mean difference between the expected low and expected
high correlations. To test the significance of the obtained
differences, we tested them against nonparametric test
distributions assuming that the correlations are in fact
all equal (i.e., the observed differences between correla-
tions are due to noise) by permuting the eight betas per
participant (1,000,000 permutations) to then recalculate
the eight z-transformed correlations and the difference
between expected high and low correlations per permu-
tation. The percentages of cases in which the randomly
generated pattern resulted in an equal or greater mean
difference between the two groups of correlations com-
pared with the actual observed pattern of correlations
were taken as an estimate of the probability of obtaining




We found a significant main effect of Cue, F(1.39, 37.44) =
49.49, p < .001, ηp
2 = .647, and no main effect of
Hemifield, F(1, 27) = 1.26, p = .271, ηp
2 = .045, or inter-
action of Hemifield and Cue, F(2, 54) = 0.06, p = .946,
ηp
2 = .002. Pairwise comparisons of cue conditions revealed
that RTs were significantly faster on valid trials compared
with neutral trials (mean attentional benefits = 34 msec,
SD = 34 msec), t(27) = 5.26, p < .001, dz = 0.99, and
significantly slower on invalid trials compared with neutral
trials (mean attentional costs = 45 msec, SD = 35 msec),
t(27) = 6.87, p < .001, dz = 1.30. Figure 3 shows indi-
vidual and mean RTs in milliseconds per cue condition
and hemifield and also illustrates the interindividual
variability of attentional benefits (and costs). Results indi-
cate that most participants used the information pro-
vided by the spatial cues as intended and performed
shifts of attention to the cued hemifield.
Cue-related Brain Activation in the DAN
The average betas for brain responses observed in each
of the four ROIs for leftward and rightward cues com-
pared with neutral cues were all greater than zero.
One-sample t tests indicated that the difference from
zero was significant for all betas except for beta estimates
of activation in response to a rightward cue in the right
IPS/SPL (see Table 2) when applying an FDR correction at
q = .05 (critical p value = .037). Mean BOLD amplitude
changes over the course of 16 TRs (17.6 sec) per cue and
ROI are shown in Figure 4. The 2 × 2 × 2 within-subject
ANOVA with factors Cue (left, right), ROI (FEF, IPS/SPL),
and Hemisphere (left, right) revealed a significant Cue ×
Hemisphere interaction, F(1, 27) = 26.32, p < .001,
Figure 3. Effect of cue validity
on RTs. Colored lines represent
individual RTs per cue
condition. Circles mark mean
RTs, and vertical black lines
mark the SEM per cue
condition. *p < .001.
Table 2. Means (SDs) and One-sample t Tests with p Values of
Betas (Directive − Neutral) per ROI and for Left and Right Cues
ROI Cue Mean (SD) t p
Left FEF Left .102 (.188) 2.860 .008
Right .179 (.194) 4.888 <.001
Right FEF Left .143 (.169) 4.492 <.001
Right .071 (.163) 2.295 .030
Left IPS/SPL Left .103 (.247) 2.199 .037
Right .251 (.244) 5.441 <.001
Right IPS/SPL Left .141 (.225) 3.332 .003
Right .053 (.205) 1.360 .185
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ηp
2 = .494, for which the difference between left and right
cues in the left hemisphere (−0.113), t(27) = 2.48, p =
.020, dz = 0.47, was significantly different from and op-
posite to the difference between left and right cues in the
right hemisphere (0.081), t(27) = 1.87, p= .073, dz=0.35.
This finding is in line with the suggestion that each
hemisphere is especially involved in shifts of attention to
the contralateral hemifield (see also Figure 4). This was
found irrespective of ROI ( p < .001 in both ROIs), al-
though there was a trend for a three-way interaction,
Figure 4. Cue-related BOLD
signal amplitude changes in the
four ROIs. Cues were presented
at the onset of Volume 1.
Time courses per ROI were
baseline-corrected per run. The
baseline per run was calculated
as the average intensity of the
two TRs preceding cue onset
across the three cue conditions.
Error bars reflect the
within-subject standard error
adjusted per ROI using the
method proposed by Cousineau
(2005). The shaded area
marks the volumes at which
the interaction of cue
and hemisphere for
neutral-corrected left and right
cues was significant at an
FDR-corrected threshold of
p= .018 (q= .05). At Volume 1,
no significant main effects or
interactions were found.
Table 3. Correlation Grouping, Mean Difference between Groups, and p Values per Hypothesis
Hypothesis Expected High Expected Low Difference (High − Low) p
1. Contralateral BL-RFEF, BL-RIPS BL-LFEF, BL-LIPS 0.049 .371
BR-LFEF, BR-LIPS BR-RFEF, BR-RIPS
2. Right dominance BL-RFEF, BL-RIPS BL-LFEF, BL-LIPS 0.277 .015
BR-LFEF, BR-LIPS
BR-RFEF, BR-RIPS
3. Hybrid BL-RFEF, BL-RIPS BL-LFEF, BL-LIPS 0.108 .217
BR-LFEF, BR-LIPS BR-RFEF
BR-RFEF
Differences between expected high and low correlations are presented for z-transformed correlations; p values reflect results of the permutation tests
(uncorrected). BL = left benefits; BR = right benefits; LFEF = left FEF; RFEF = right FEF; LIPS = left IPS/SPL; RIPS = right IPS/SPL.
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F(1, 27) = 3.90, p= .059, ηp
2 = .126, driven by a stronger
Cue × Hemisphere interaction in IPS/SPL. For illustrative
purposes, the time points at which the two-way inter-
action reached significance also in the analyses of the
percent signal change were shaded gray in the plots in
Figure 4. We also found a main effect of Hemisphere,
F(1, 27) = 7.76, p= .010, ηp
2 = .494: The left hemisphere
showed an overall stronger response to directive cues
compared with the right hemisphere. This is possibly
due to an overall greater excitability of the left hemi-
sphere because participants responded with their right
hand. No other interactions (Cue × ROI: F(1, 27) =
0.73, p = .401, ηp
2 = .026; ROI × Hemisphere: F(1, 27)
= 1.75, p = .198, ηp
2 = .061) or main effects (Cue: F(1,
27) = 0.16, p= .693, ηp
2 = .006; ROI: F(1, 27) = 0.30, p=
.587, ηp
2 = .011) reached significance.
Brain–Behavior Correlations
Having established that our selected ROIs responded spe-
cifically to directive cues and even show contralateral pref-
erences, the central research question was whether the
cue-related BOLD responses in the different ROIs could
be linked to behavioral effects of covert orienting, that is,
attentional benefits in the left and right hemifields, and,
more specifically, whether such relationships were
hemifield- and hemisphere-specific as existing hypothe-
ses of attention control suggest. In Figure 5, individual
benefits in the left and right hemifields are plotted against
betas of brain activation in response to left and right
cues (compared with neutral cues) for each ROI.
We found significant correlations between brain activa-
tion for right cues (compared with neutral cues) and ben-
efits in the right hemifield in all four ROIs (see Figure 5
for Pearson correlation coefficient r, uncorrected
p values, and 95% confidence intervals per correlation).
For these correlations, individual betas explained up to
23% of the interindividual variance in attentional benefits.
This suggests that frontal and parietal DAN regions in
both hemispheres support shifts to the right hemifield,
which is in agreement with the right dominance hypoth-
esis. As predicted by all three hypotheses, correlations
between benefits in the left hemifield and betas for left-
ward cues in the left hemisphere were not significant.
However, in contrast with all three hypotheses, the
correlations between benefits in the left hemifield and ac-
tivation in response to leftward cues in the right IPS/SPL
and right FEF were also not significant, resulting in no
significant correlations with benefits in the left hemifield.
Note that this also holds when the two extreme values in
left benefits (see four left plots in Figure 5) and the very
low beta value for left cues in the left IPS/SPL (see lower
Figure 5. Scatterplots of correlations per ROI between betas for left and right cues and benefits in the corresponding hemifield. Correlations
for FEF are displayed at the top; and those for IPS/SPL, at the bottom. Correlations between activation for left cues and left benefits are
displayed in the four plots on the left; those between activation for right cues and right benefits are displayed in the four plots on the right.
The specified p values are based on two-sided tests for correlations between left benefits and activation in the left FEF and IPS/SPL and
the correlation between right benefits and activation in the right IPS/SPL (all marked with a diamond) and are one-sided for all other
correlations. All reported confidence intervals are two-sided 95% confidence intervals, calculated for the z-transformed coefficients and then
transformed back to r values. Trend lines were added for those correlations surviving an FDR correction at q = .05 (critical p = .024).
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left plot in Figure 5) are replaced with the nearest value
in the remaining sample (81 and 82 for benefits in the left
hemifield, −.22 for the beta value; r = .27, .21, −.14, and
.20 for correlations between benefits in the left hemifield
and betas in the left FEF, right FEF, left IPS/SPL and right
IPS/SPL, respectively).
Permutation Tests
Finally, we conducted the described permutation tests
comparing the expected high and low correlations for
each hypothesis and obtained the best fit to the data
for the right dominance hypothesis, which proposes that
the left as well as the whole right-hemispheric DAN is
involved in shifts of attention to the right. More impor-
tantly, the permutation test actually revealed a signif-
icant difference between the expected low and expected
high correlations for the right dominance hypothesis
( p = .015; Bonferroni-corrected critical p value = .016;
see Figure 6 and Table 2 for histograms of the generated
test distributions and resulting p values for the three
hypotheses). The results of the permutation tests also
hold when the three outliers discussed in the previous
section were replaced in the same manner as described
above ( ps = .362, .012, and .185, respectively, in the same
order as presented in Table 2).
DISCUSSION
DAN Activation Explains Attentional Benefits
The first goal of this study was to reveal whether activa-
tion related to attention shifts in the DAN, which has
been put forth as the neural basis of visuospatial atten-
tion control, correlates with effects of selective attention
on task performance. We found significant correlations
between brain activation parameters specific to directive
spatial cues and attentional benefits in mean RTs in the
range of r = .38–.48. To our knowledge, this is the first
demonstration that changes in hemifield-specific visual
task performance due to attention can be linked to the
cue-related BOLD response in DAN regions in either
hemisphere across individuals. Thanks to the inclusion
of a neutral cue condition in our task design, we can
conclude with fair certainty that the processes we inves-
tigated are specific to attention. Both attentional benefits
and the betas from the fMRI GLMs that were entered in
the correlation analyses were based on difference scores
between a condition that required attentional shifting
and a condition that did not require attentional shifting
but is otherwise comparable in terms of visual input
and timing. In addition, the brain activation parameters
we used were estimated based on trials without a target
(i.e., catch trials), so we can be certain that they reflect
purely anticipatory pretarget activation related to the spa-
tially informative cue, independent of target processing
and response. This latter improvement in design may
also be one of the reasons we managed to find a positive
correlation between activation in the nodes of the DAN
and attentional benefits, although Small et al. (2003)
found no greater activation on trials with large attentional
benefits compared with those with no benefits in the
DAN when comparing activation for the whole trial, thus
not separating target-related from cue-related processes.
Finally, our behavioral parameter was more sensitive to
gradual effects compared with the binary classification
of correct or incorrect responses used in previous studies
(Sylvester et al., 2007; Sapir et al., 2005), which might
have enabled us to detect the so far elusive link between
DAN activation and behavior.
Fit with Hypotheses of Hemispheric Asymmetries
Right-Hemisphere Activation Explains Variance in
Right Benefits
The second goal of this study was to explore the pat-
tern of observed correlations across the DAN nodes
Figure 6. Histograms of permutation tests for the three hypotheses. Distribution of differences between expected high and low correlations
under the assumption that all correlations are in fact equal. The red line marks the difference between expected high and low correlations for the
observed correlations for each hypothesis.
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and to assess whether this pattern can be explained by
any of three existing hypotheses of hemispheric prefer-
ences and asymmetries in attention control, namely,
the contralateral, right dominance, and hybrid hypoth-
eses. Our permutation tests of the hypotheses suggest
that the pattern of correlations fits best with the right
dominance hypothesis, and we found a significant dif-
ference between the expected high and expected low
correlations for this hypothesis only. On the level of
the single correlations, we found significant correla-
tions between cue-related activation in all four nodes
of the DAN and right benefits (Figure 5, on the right),
indicating that the left and right hemispheres are in-
volved in shifts of attention to the right. Supposing that
the observed processes in the two hemispheres are at
least partially redundant (but see below for a discus-
sion), this can explain the lower frequency and severity
of right hemispatial neglect insofar as each hemisphere
can compensate for damage in the other hemisphere
during attentional shifts to the right hemifield, which
is in keeping with the right dominance hypothesis
and in conflict with the contralateral hypothesis.
The fact that we found a significant correlation
between right benefits and activation in both the right-
hemisphere FEF and IPS/SPL also argues against the
hybrid hypothesis. This hypothesis was derived from
findings from brain stimulation studies, which so far
found little evidence for a causal involvement of the right
IPS in rightward shifts of attention (Duecker & Sack,
2015). One possible explanation for the discrepancy be-
tween our finding and the results of these studies could
lie in the fact that the brain stimulation studies often tar-
geted areas that were more posterior and more ventral
(often stimulating over electrode P4, e.g., Thut, Nietzel,
& Pascual-Leone, 2005, or even P6, e.g., Fierro et al.,
2000) than the ROIs we selected, which extend into
SPL. This proposition is supported by Vandenberghe
and colleagues, who combined data from different popu-
lations and sources of information to dissociate between
subprocesses of orienting within the posterior DAN and
who concluded that (right) SPL is involved in shifts of
attention irrespective of the direction of attention,
whereas more posterior IPS/SPL shows hemifield-specific
responses (Vandenberghe, Molenberghs, & Gillebert,
2012). It is therefore conceivable that these stimulation
studies targeted a functionally different region than the
one we investigated in this study. In line with this notion,
Bourgeois, Chica, Valero-Cabré, and Bartolomeo (2013a,
2013b) and Chica, Bartolomeo, and Valero-Cabré (2011)
found bilateral effects on inhibition of return, a phenom-
enon linked to attentional orienting, after stimulating a
region in IPS/SPL closer to our own ROIs. Note, however,
that inhibition of return is the result of a number of com-
plex processes and that the effects of brain stimulation
observed in the study can therefore not be linked un-
equivocally to a change in orienting performance. It
may thus be interesting to systematically target different
nodes in the posterior DAN with brain stimulation and to
observe and compare the effects on attentional benefits
in the left and right hemifields. In an optimal case, this
will include functionally defined ROIs, targeted with
neuronavigation.
No Neural Correlates of Left Attentional Benefits in
the DAN
Given the good fit between the data and predictions of
the right dominance hypothesis and the significant corre-
lations between DAN activation in all four nodes and
right benefits, one could conclude that our data support
the right dominance hypothesis. However, we did not
find significant correlations between brain activation in
the right FEF and IPS/SPL and left benefits. On the basis
of our data, one would predict no change in leftward
orienting after right-hemispheric damage because the
right hemisphere is seemingly uninvolved in shifts of
attention toward the left hemifield, which is at odds with
all three of the tested hypotheses.
Overall, the observed correlations between left bene-
fits and brain activation in the nodes of the DAN were
lower compared with those between right benefits and
brain activation in the DAN. This suggests that leftward
attention shifts are qualitatively different from rightward
shifts of attention with regard to how the behavioral ef-
fects of orienting are reflected in DAN activation, with a
weaker link between cue-related brain activation and be-
havioral effects for leftward shifts. Assuming that at least
the right DAN is involved in shifts of attention to the left,
an assumption supported by clinical observations as well
as brain stimulation studies, this raises the question why
we did not find significant correlations between brain
activation in the right DAN and left benefits, although we
did find such correlations for right benefits. Speculatively,
one possibility is that attentional benefits in the left hemi-
field are influenced by additional neural processes, which
would reduce the fraction of variance explained by DAN
activation, leading to lower correlations. Another poten-
tial explanation is that shifts to the left require a less dras-
tic change in DAN activation. For example, if the
attention system is biased toward the left in healthy par-
ticipants, as some studies suggest ( Jewell & McCourt,
2000; Bowers & Heilman, 1980), a shift to the left might
require fewer neural resources and might rely less on
DAN activation than a shift to the right. Yet, we did not
observe lower DAN activation for leftward shifts compared
with rightward shifts (no main effect of cued hemifield), and
variability in BOLD signal was also comparable for left and
right cue trials. Furthermore, others have shown that,
although a bias toward the left can be found in the
average population, there seem to be observer subtypes
with a rightward bias, too (Benwell, Thut, Learmonth, &
Harvey, 2013), which should then also affect the relation
between DAN activation and right benefits in a similar
manner in those participants, making it less likely that
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the difference between correlations for left and right
benefits observed in our study is due to an initial leftward
bias of the attention system. As we did not use an indepen-
dent, validated measure of visuospatial bias such as a line
bisection task (Jewell & McCourt, 2000), we could not test
the influence of initial hemifield bias on our results. This
remains an opportunity for future studies to investigate.
Ambiguous Evidence for the Contralateral Hypothesis
The hypothesis least supported by the observed pattern
of correlations is the contralateral hypothesis, and its per-
mutation test also yielded the worst fit of the data. At the
same time, the ANOVA of the brain response to left and
right cues (relative to neutral cues) across regions re-
vealed a significant Hemifield × Hemisphere interaction
and showed that each hemisphere shows at least a trend
for a preference for cues to the contralateral hemifield.
This is in line with previous findings (Shulman et al.,
2010; Sylvester et al., 2007), which were taken as evi-
dence for an assumption of the most prominent model
of orienting proposed by Corbetta and Shulman (2002,
2011), namely, that right-hemispheric dominance is not
found in the DAN (but rather in a ventral attention net-
work) and that contralateral response patterns are pre-
dominant in the DAN. It is thus all the more interesting
that our correlation analyses showed that brain activity in
response to right cues in the right hemisphere, albeit
lower than that in response to left cues, scaled with right
benefits, indicating that the cue-related response of the
bilateral DAN is informative when it comes to explaining
behavioral effects of attentional orienting to the right.
This emphasizes how different results can be obtained
when looking at different aspects of the brain response
in relation to behavior.
Multiple Sources of Interindividual Variability
Although we convincingly demonstrate a substantial cor-
relation between cue-related brain activation in the DAN
and attentional benefits (in the right hemifield), we are
limited in the conclusions we can draw about the causes
of variability and covariance within and between the two
correlated measures. The magnitude of an individual’s
attentional benefits and the corresponding brain activa-
tion may reflect that person’s capability to orient atten-
tion, including all potential subprocesses such as, for
example, disengagement from fixation, recalibration of
saliency maps, adaptation of the focality and location of
the focus of attention (i.e., the attentional “spotlight” or
“gradient”), and maintenance of this state of selective
attention. Furthermore, as we are using an endogenous
cueing paradigm and are thus investigating voluntary
shifts of attention, attentional benefits and cue-related
brain responses may also be influenced by a participant’s
motivation to orient attention, which in turn might
depend on various factors such as the general task
compliance or the perceived probability of cue validity
(although findings suggest that the latter modulates
attentional costs rather than benefits; Doricchi, Macci,
Silvetti, & Macaluso, 2010). Finally, because we did not
control for eye movements during the MRI data acquisi-
tion, some of the variability in the estimated betas and
benefits may be due to different levels of compliance
with the instruction to fixate. However, previous studies
have shown that participants are capable to refrain from
moving their eyes in response to the cue or target and
that breaks of central fixation occur during a very small
percentage of trials only (e.g., Duecker et al., 2013;
Doricchi et al., 2010), and we screened participants for
their ability to fixate during the training, all in all reducing
the likelihood that eye movements influenced our
results. To find out which of the remaining factors are
driving the observed correlations, it is necessary to use
paradigms that isolate the attentional subprocesses and
experimentally modify participant-inherent factors, such
as motivation, to track resulting changes in the magni-
tude of the correlations.
Interactions and Possible Nonadditive Processes
within the DAN
As noted already, the hypothesis of right-hemispheric
dominance was originally derived to explain the asymme-
try in neglect pathology, proposing that an additional
involvement of the right hemisphere in shifts to the right
hemifield allows for compensation of damage in the left
hemisphere, which explains the often less severe symp-
toms of neglect after lesions in the left hemisphere. This
seems to imply some form of redundancy in the neural
coding of attention shifts between the two hemispheres.
On the other hand, Duecker et al. (2013) found that TMS
over the left FEF decreases benefits in the right hemi-
field, indicating that the contribution from the left FEF
is not fully dispensable, which suggests that activation
in the different regions reflects additive processes, each
contributing to successful shifts of attention. However, an
investigation of the additivity or redundancy of the neural
responses in the left and right hemispheres is beyond the
scope of this study, and studies addressing this will need
to account for the fact that all regions of the DAN re-
spond to cues to both hemifields and that measures of
brain activation in the different regions thus share a lot
of variance (see also Sylvester et al., 2007).
Conclusion
This study presents new evidence in favor of an involve-
ment of the DAN in effects of selective spatial attention
on behavior, showing for the first time that subject-specific
measures of DAN activation can explain interindividual
variability in attentional benefits in task performance. We
found significant correlations between performance
changes after shifts of attention to the right (right
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attentional benefits) and BOLD activity in frontal and pari-
etal DAN regions in the left and right hemispheres, in line
with the right dominance hypothesis. Although we also
found a significant fit between predictions derived from
the right dominance hypothesis and the observed pattern
of correlations, the pattern of correlations deviates from
the predictions in that we found no significant correlations
between left benefits and activation in the right DAN,
which is in conflict with previous findings from brain stim-
ulation and patient studies and with existing models of
spatial attention control. At the same time, we replicated
the finding that each hemisphere shows preferential acti-
vation for cues to the contralateral hemifield in terms of
BOLD signal. Although we thus cannot conclude without
reservation that our data support the right dominance
hypothesis, the results raise new interesting questions
with respect to potential qualitative differences between
leftward and rightward shifts of attention and the involve-
ment of different subregions of the (posterior) DAN in
different subprocesses of orienting, and they also show
that different ways of exploring the data can offer diverg-
ing outcomes with respect to the underlying neural
mechanisms.
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